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' AnTIFICIAL RUi^lTIlTG-IK- 0? PISTON RINGS 
3j Ao R, Bo'brov.'sl^'- and So Ilaclilir. 

SUIIIASY 

The -nerformance of slidinr: surfacoo, such as piston rings, cyl- 
inders, journals, and tco.ri.-.gs, in aircraft engines is considered ^ath 
reference to the s-arface characteristics that they possess before and _ 
after ronning-in. prior to service operation. The phenonona accompanyii 
the r.inning-in loroccss arc analyzed. Means of eliminatinc the rimnmg- 
in -oroccss and of incroasing life ^.ad perforaancs ox piston rings a:id 



■bc?rin"s hy artificial r^anning-in are suggostedo The aspects of 
ruzining-in that arc considered nay, in general, he applied to sliding 
surfaces other than piston rings. Information on the var: 
of nnming-in hare heen ohtaincd chiefly from literature. 



iiiraoDUOTioN 

The piston ring is cjnong the foreicost of engine parts that limit 
ovcrha-ol periods of aircraft engines (reference l). The short life of 
the iDresent-day piston rin;;, together with the waste inherent in the 
runni'r'^--in o^' piston rings, tends to make the piston ring a costlj, _ 
engine" conponont, ?or those reasons, it is fitting that sufficient in- 
Tcstigation of the r,crf ora-.nce of the piston ring he conductea uiitil t- 
engine part yields troiihlc^frcc operation over long periods oi tmo. 

After its manufacture, a piston ring must he hrolcen in, in order 
that its performance characteristics nay he improved prior to service 
operation" Higlily loaded hearing surfaces of all types, such as 
plain journaJ. hearings end cylinder harrels, are also broken m. 

ilodcrn methods of hrcaldng-'in are empirical » Little attcr.pt 
3 3 -laao to determine hov; far i-^anning-in shovad he carried oefore 
service operation, Brcoking-in of sliding surfaces usually includes 
o-oeration 8t low speeds and loads and use cf special luhrxcanos lor a 
..'cried of tine called the "rur.-in pcricdJ- The hreaking-m ox piston 
rnn--. for r-^ "craft enginery sometimes involves preliminary nmid lapping. 
Bxocrimcntal aircraft-engine cylinders m.ay he sandpapered prior to 
enpinc operation. Despite these preliminaries, the piston ring re- 
mains the chief maintenance proolem for military aircraft engines. 
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The advantages accruing from running-in are plentiful^ albeit 
vaguely appreciated, but the waste associated with the running-in 
process is great. This waste represents loss of time, labor, and 
material expended on th? rLijnning-in period. 

It is obviously desirable to mxinimize or to eliminate the 
running~in process. Toward tliis end it is helpful to envision a 
process of artificial running-in. Artificial running-in, nam.ely, 
the premanufacture of s^arfaces that would fit a piston ring or other 
slider for imjiiediate service use, is the logical substitute for 
running-in. 

It is the purpose of this paper, after tlie conceot of artificial 
running-in is raised, to examine in detail (mainly from literat-.are) 
the phenomena that constitute running-in and to suggest hew these 
phenomena may be caused to occur on a piston ring without resort to 
the procedure of running-in. Such an artificially run-in piston ring 
or other sliding surface might be capable of being satisfactorily 
eiuoloyed in an engine under service conditions imniediately after 
installation in the engine. This study was conducted at the Langley 
Memorial Aeronautical Laooratcry, Langley Field, Va., during the 
winter of 19li2, 



DEFINITIONS OF TERMS 

The following terms used in this paper and in other papei'S have 
been collected for convenience of references 

sliding of surfaces - Relative translation of bodies in contact under 
pressure . 

breaking-in - The process of intentionally sliding new surfaces prior 
to operation under service conditions. 

wearing-in - The phenomenon of wearing one surface against another 
such that more favorable perfo nuance characteristics exist after 
the corr.oletion of the v.^earingo 

running-in - The Y\^earing-jn prior to service operation cf the 

sliding surface of a nachin-:-: oart by operation of the machine in 
which the part is used, 

wearing-out - The phenomenon cf wearing one surface against another 
such that less favorable performance characteristics exist after 
the co.r.pletion of the ^rearing. 
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load-carrying capacity - The maximum load or pressure that sliding 
siorfaces can support without seizure or wearing-out, 

performance characteristics - A general term used to designate^ 
collectively^ load-carrying capacity^ friction force, wear, and 
temperature rise of sliding surfaces. 

supersurface - That part of a solid body iirimediately adjacent to a 
s^orro landing fluid, a purely two-dimensional geom.etric concept. 

s^orface profile - The microscopic topography of a supersurface. 
(See fig. 1, from reference 2, for photomicrographic examples.) 

surface roughness - A rating assigned to a surface profile to 
represent some quality or characteristic of the profile. 

percentage bearing area - The percentage of area of a plane, par- 
allel to and at a given distance from the nominal surface, inter- 
sected by the surface profile; figure 2 illustrates the construc- 
tion of a bearing-area curve from: a record of the profile. 

roughness n-oir.ber - The distance between planes of different percent- 
age bearing area expressed in m.icro inches. 

peak roughness number - The distance between the planes of 2-p-.rcent 
and 25~percent bearing area, expressed in microinches| figrre 3 
illustrates a profile trace of lov^r peak roughness number as deter- 
mined by bearing-area curve. 

rms - The roct-mean-square value of a surface profile expressed in 
microinchesj the profile may be th..; actual profile or the profile 
that is determined by a measuring instr^oment. 



CHARACTERISTICS OF RUN-IN SURFACES 
DETECTION Al^D IvlEASURjil/iENT 
The running-in process m.akes itsL-lf evident in two ways: 

1. It m.odifies the sliding surfaces of piston rings, plain 
journal bearings, and other sliding parts. 

2, Because of this change in surface, it modifies the per- 
formance characteristics of thv::se piston rings, plain journal 
bearings, and other sliding parts. 
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The changes made to a surface during rmning-in must first be detected 
and their extent must then be meas^ored if they are to be reproduced 
by manufacturing methods. 

The .phenomena that indicate the difference between a virgin and 
a run-in piston ring may be any combination of the following: 



.1. 


Format icn 


of Beilby layer on piston-ring face 


2. 


Change in 


surface profile on piston-ring face 


3. 


Change in 


shape of piston-ring face or cylinder barrel 




I'^ormation 


of new material on piston-ring face 


5. 


Modificat.1 


.on of radial-})re ensure pattern 




Change in 


metallurgical s bruccure 


7- 


Removal oi 


loosely ;i8ld surface material 



For surfaces other than those of piston rings^ all of the foregoing 
phenomena may be present except ^} for exam.ple^ a journal bearing 
might show all of the listed phenomena except 3 and ^. 

Beilby layer . - In 1901^ T. Beilby stated that surfaces which 
had becjn netallographically polished showed a thin layer of structure 
different from, that of the basis m^etal when viewed under the micro- 
scope (reference 3>). He inferred that this superstrat^om was similar 
to the Rayleigh layer 7\rhich had been produced earlier on transparent 
solids such as quartz. The Rayleigh layer could be detected by its 
changed refractive index, but no means of detection of the Beilby 
la/er was found until the 1930^ s when electron diffraction came into 
active use. Beilby had assumed that the layer which novj bears his 
name consisted of amorphous rretal although he could not be sure that 
it did not consist of crystals too sm.all to be resolved- under the 
optical microscope. 

The use of X-ray diffraction had failed to reveal the presence 
of the layer because, as it was later found, the layer was so thin 
that X-rays passed through and were diffracted chiefly by the basis 
metal. Electrons, because of their poor penetrative power, -did not 
pass through the laysr and hence were diffracted only by the layer. 
Thus, electron- diffraction methods constituted a direct means of 
detection of th- Beilby layer. 

Electron-diffraction patterns may be obtained as transmission 
patterns -^nith only very tnin foil. Reflection patterns are the 
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only suitable means to be used vdth specimens of any considerable 
thickness; hence, specimens, such as piston rings or bearings, are 
examined only by reflection methods. 

The Beilby layer is thought to be formed by the extremely quick 
solidification of surface metal that is melted d^aring sliding. Local 
pressures during rubbing are extremely high and local temperatures 
reach the melting point 'of the sliding material (reference U). The 
heat capacity of the metal surro^anding these molten spots is so high, 
compared with the small amount of heat generated there, that solidi- 
fication is instant. This short time interval during v/hich solidi- 
fication occurs is thought insufficient to allow the crystals to 
orient them.selves as usual, resulting in an amiorphous layer. Another 
view held by other authorities is that the Beilby layer consists of 
crystals so smiall as to yield no discernible oattern. The evidence 
presented by such investigators as L, II. Germer, F. Kirchner, 
J. T. Burwell, J. Wulff, W. Cochrane, G. I. Finch, and others on the 
constitution of the Beilby layer are well summarized in references $ 
and 6. 

The electron-diffraction patterns yielded by the Beilby layer 
are similar to those caused by liquids, such as mercury, at room 
temperature (reference 7, p. 111). The disordered array of mole- 
cules that constitute the layer has been likened to the S'orface of 
a liquid. Even as at the surface of a liquid, surface forces are 
high. Great energy is available for adsorption of molecules of 
other materials (reference 3(a)). Then too, chemical reactions may 
be hastened by this energy. The s-orface energy of the Beiloy layer 
is so great that m.ateriais deposited on the s^Jirface by physical means 
assume the random orientation of the layer until a considerable thick- 
ness of deposit has been built up (reference 6(a)). On crystalline 
materials, however, -jven very thin deposits will show their normal 
structure. These surface forces undoubtedly act to hold fluid mono- 
layers very tenaciously. It is thouf/ht that the fluid films formed 
on the Beilby layer are more resistant to removal than those on 
crystalline surfaces (reference 9). 

The Beilby layer is kncvni to be hard. It is held, to be v/ear 
resistant because its formation is accompanied by decreased time rate 
of m.etal removal during rubbing (reference 7, p. 173) ^ 1'^^ ^-^^ 
made apparent by experiments on journal bearings. It has been 
shown that m.etal is rem.oved from the bearing surfaces at a constantly 
decreasing rat- during the running-in process. During the sam.e 
period of time the Beilby layer was continuously grov/ing. Obser- 
vations of piston rings ani cylinders of aircraft engines showed the 
existence of relatively thick layers after run-in (reference 8(a)). 
The depths to which these layers form on engine parts have never been 
exactly determined, but they arc greater than those produced on hand- 
polished specim.ens. Such is the thickn-.ss of the layer on cylinders 
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that several rubbings v^ith emery paper are required to remove it 
(reference 8(a)). Hand polishing yields layers from 3O to $C A 
in thickness as determined by controlled etching (reference 8(b)). 
Controlled etching consists in removing knov;n amounts of surface 
material from a Sj:)ecimen, From the dimensions of the specimen and 
from the amount of material removed from the specimen, the thickness 
of the surface layer removed mxay be calculated. The process of 
alternate etching and photography of electron-diffraction patterns 
continues until the characteristic pattern of the Beilby layer is no 
longer obtained. The sum of the thicknesses of all layers removed 
by etching is the thickness of the Beilby layer. 

Surface profile. - It is current practice in America to exoress 
surface roughness as rms (reference 10). This designation is many 
times meaningless, especially v/hen the methods of production of the 
profiles are not specified. For instance, a lapped sijrface and a 
ground sijrface of equal rms may have far different operating charac- 
teristics and over-ail profile heights. A self-explanatoiy diagram 
of common profile differences is t:iven in figure U, from reference 11. 
In general, a lapoed surface consists 01 a supersurface that is essen- 
tially smooth although pied with pits. A ground surface consists 
of equal peaks and valleys. Practically all machined surfaces can 
be classified as one or the other type. The difference between 
the two types of surface manifests itself as a lovj peak roughness 
number for surfaces without protuberances arid as a high peak rough- 
ness num.ber for hilly surfaces. 

Fiegardless of what the initial profile may be, the peak rough- 
ness number decreases during the running-in process, except for 
extremely smooth surfaces. The action consists, as determin- d micro- 
scopically, in removing the tips of peaks and thus converting them, to 
plateaus. That peaks are converted to plateaus has been shr^.vTi by 
thcj taper-section r:;ethod of examination. If the oil-film thickness 
between sliding surfaces is construed to indicate the distance between 
definite percentage bearing areas of some value less than 2$ percent 
on each surface profile, it is then seen that a low peak roughness 
rromber will indicate a small listance 01 projection of profile peaks 
into the film. 

Pits are needed on smooth surfaces to prevent the oil from, 
vfiping off as a sheet. Two independent theories adequately explain 
this phenomenon (refer«:)nces 12 an 1 I5). It must be remembered that 
the presence of pits need not influence th^j surface topography of 
the plateaus of the surface profile. That is, pits may exist in 
surfaces of "both high and I07; peak roughness number. The trend 
in topography of surface plateaus is toward smoothness. This ten- 
dency is .'hoy-:-, 'n a n'imbrr ol cases. 
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More metal is removed from rough surfaces than from smooth 
rur faces during th'j r^anning-in process. The amount of metal i*emov3d 
is proportional to the s^orface finish^ as sncvm by figure 5 tak.^n 
from reference li.4.(a). Hence^ rough surfaces contribute much to 
abrasive v^rear by filling tiie lubricant mth yj^it metal. 

Worms and worm gears develop greater load-carrying capacity and 
greater efficiency after running-in as the initial surface finish is 
made finer (reference l[|.(b)). 

It is believed th-^t the formation of a profile of lov.'- peak 
roughness >ramber would aid in maintaining a monom.olecular film under 
boundary- lubrication conditions by increasing the number of long- 
chain molecules standing on end atop the extremities of the super- 
surface. 

Fatigue resistuice of smooth surfaces is greater than that of 
rough surfaces. It seems logical that bhe^corrcsion resistance of 
a smooth siirface should be greater than that of a rough surface 
inasmuch as a rough surface presents greater profile areas for attack 
Also^ corrosion fatigue, as v/ith all fatigue piienomena, is m.ore dele- 
terious to rough surfaces than to smooth surfaces. 

The direction of sliding of surfaces is indicated by scratches 
or grooves parallel to the direction of sliding if contact occurs. 
Records of a sliding surface made with tracer instrum.ents show deep, 
closely spaced pits and peaks, if taken orthogonal to the direction 
of sliding, and less closely spaced, if taken in the direction of 
sliding (figs. 6(a) and 6(b), from reference 15). These marks are 
more or less irregular depending on the method of surface fini.^h and 
the am.ount of abrasive present in the lubricant. V/hether these 
crevices serve as oil ways to distribute oil over the surface or 
whether they serve as channels for escape of the lubricant unvder 
pressure between th: sliders has never been clearly determined. 
These scratches are sometimies termiod "run-in miarks." 

The most comjnon means of measuring s^arface roughness as rm.s is 
by use of either tne BrUwSh sior-face analyzer or the Profilometer. At 
present, the only common nondestructivsi attempt at recording the 
actual shape of the profile is by m.jans of the Brush surface analyser 
For surfaces less rough than 2^0 microinches rms, the rms determined 
by tne instrument is different from the true rms as dotermdned micro- 
scopically by taper sectioning. For groiuid surfaces in the order 
of 1 microinch rm.s as measured by the instrument, the true rms is 
about 10 microinnhos rms (ref er-.-.nce lU(c))c Such instruments serve 
usefully in production inspection and in scmr-; r..- search but they fall 
short of yieliing precise' rjSv.arch data. 
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Taper sectioning is a very exact method of viewing Si:irface 
profiles but it requires the destruction of the specimen. Evidently^ 
destructive testing must be avoided if a series of tests is to be 
run on a specimen^ such as a piston ring^ where suirface profile is 
under study. 

It must be noted that the surface roughness of the face of a 
piston ring varies around the circumference of the ring after run-in. 
The NAGA has made investigation of this relation between radial- 
pressure pattern and circumferential variation of surface roughness. 
Aircraft-engine piston rings had been lapped in cylinders before 
test in ord-:r to eliminate the variable of initial surface finish in 
accelerated high-output test runs. The s^jrface finish of. these 
rings v;as evaluated by means of a Brush surface analyzer equipped 
with both rms meter and oscillograph. Roughness measurements were 
taken at thr^ie points on the ring facB, namely, adjacent to the gap, 
opposite the gap, and at a point halfway betv/een the two, which was 
called the 90^^ point. ''' Both circumferential and axial roughnesses 
v/ere determined. 

It was found that, after lapping, the finish was roughest at 
the 90"^ point, with roughnesses at the other two stations approxi- 
mately equal to each other although slightly lower at the gap. This 
roughness pattern w^s similar in both directions of travel. 

When the rings were examin^-d after accelerated high-output tests 
that had not severely marred the surfaces by scuffing or scoring, the 
original snape of roughness pattern Vv^as found. It v;as shOTO that 
at all points on the I'ing the follovaxng expression held: 

Icgrms after running 

Tog rms aftiF"lapping = ^^^stant 

The rings in question possessed high plus circularity. The 
radial-pressure pattern of such rjjigs taken around the circumference 
is similar to th 3 finish pattern, that is, smooth at gap and 
loO^ point, and rougher between. Because the rings grew smoother 
with rubbing it followed that points of the highest radial pressure 
gave the most wear diu-ing lapping ^^nd gave tiie sm^cothest surfaces. 
Indeed, it v/ould Scr.eiu that, i i' a -listen ring were lapped in a cyl- 
inder and the resulting surf acp-f inish pattern were determined, the 
radial-pressure patt-^rn would follow. 

Shape change . - The hyirodynamic theory of lubrication states 
that, if sliding sarfaces converge to form a correctly proportioned 
wedgo'-shaped spac-o, the optimum conditions for wearless operation 
are established. Journals in ©earings ntom.r tically follov; this 
criterion by displacing thensoi.vos ecc-dntrically. Approximately 
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one fourth of the total bearing is available for supporting the load. 
The Michell-Kingsbury-Nomy t^pes of bearings make use of pivoted 
sliopers to escabiish the wedge-shaped oil film and increase the 
length of circ^imference that can carry load (reference 16). Applied 
to journal bearings, pivoted shoes have enabled unit bearing pressures 
to be tripled vd.thout excessive bearing Y:ear. 

Piston rings are assembled in piston grooves with appreciable 
clearance in order to minimize ring sticking c This clearance, as 
well as the clearance of the piston in the cylinder, permits the 
piston ring to rock with respect to the cylinder. Rocking brings 
the cylinder wall into contact with the edges of the piston-ring face 
where wear takes place. The continuous v/earing of the ring edge^ 
against the v/all causes the ring face to become convex. Inspection 
by the authors has shown that high-output aircraft-engine piston 
rings presented a continu^msly curved convex face shape after oper- 
ation. This shaoe agrees Yiith hydrodynamic theory that postulates 
a biconical face shape as o-otimum (reference 17) < The percentage 
of the stroke over v.hich full fluid lubrication occurs increases as 
the optimum face shape is approached. 

The effect of gas pressure on ring wear during operation is in 
dispute. One authority .-tales that gas pressure has little effect 
on ring wear (reference 18), The smallness of the effect is thought 
to be due to the high potential separating force of the fluid film 
that is built up by trie time ir.aximuni gas press^ore can develop behind 
the pi'^ton rings through the small piston and cylinder clearances. 
Other sources show that gas pressures do influence piston-ring wear, 
especially 7men unit wall pressures are low (reference 19). 

Because the fluid film is in every case very thin, the degree 
of taper of a biconical ring face need be only slightly greater than 
the maximiam angle that the ring can make with the cylinder center 
line under extreme rocking conditions. Because the am.ount of 
rocking is variable over the stroke, the angle produced by the planes 
of ring and cylinder wall must be variable. The only practicable 
means of obtaining this variable angle is for the rinr to have a 
continuously curved convex, not biconical, face. 

Local thermal distortions produced by temperature change of 
the 0 Derating mechanism will cause the surface of tjio slider to 
depart from its nominal shaoe (reference 20). During running-in 
the slider tends to remove these protuberances where they exist. 

New materials on surface. - The surface of a slider may undergo 
reaction with the lubricant to form surface compounds. The action 
of chemical polishing agents and, in part, the action of oiliness 
agents are attributed directly to the formation of s^irface compounds. 
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Even cutuing fluids used in machining operations depend to seme 
extent i'or their action on the organcmetallic compounds of varied 
frictional coefficients that are formed on the work surface. 

Chalmers and Quarrell (reference 21^ pp. 232-233) state that the 
high wear of engine cylinders by aluminum pistons is caused by alu- 
minujn trioxide^ sanphii^eo This oxide becomes amorphous during 
running and recrystalli^es on stopping to form sapphire^, v;hich abrades 
steel readily. After the engine is started^ some time elapses before 
the amorphous structure returns c The amorphous form of the oxide 
does not wear the cylinder badly. Aluminma-magnesium-allcy pistons, 
v/hich alvmys form amorphous oxides, m.ight yield reduced wear. This 
idea is under investigation according to the authors of reference 21. 

Surface compounds miay be detected by chemical methods and by 
such means as electron vdif fraction, X-ray diffraction, and others. 

Another change in surface composition occurs when cast iron is 
a slider. Cast iron when rubbed has the property of bringing 
occluded graphite to the surface « This graphite forms a layer 
oriented in the direction of sliding (reference 8(a)). It is 
claim^ed by some authorities that, when this graphite is removed, wear 
becomes great and unpreaictable- Graphite is believed to be more 
easily oil-film forming than metals. 

Change in p ressure pattern of ring . - The NACA has found that, 
in accelerated high-output tests, piston rings maintain the original 
radial-'pressure pattern after operation provided that no ring failure 
has occ^arred. Ring failures, either of the type where gas blow-by 
has increased or where scuffing has occurred, modify the ring pattern. 
The NACA has found that increased temperature of a piston ring in 
a cylinder decreased the diametral tension of the ring. Fromi these 
results, it can be reasoned that high local temiperatures, such as 
those caused by blow-by or scuffing, vrill lower the corresponding 
local radial pressures so as to warp the pressure pattern of the 
ring. Illustrations of such modifications are not uncomm.on in 
piston-ring literature (reference 22). 

Metallijirgical change, - vSliding of sur^faces is miany times 
accompanied by c'old Avork, always so vfhen contact between the surfaces 
occurs. It has been observed that ^vorking by any of a nuiriber of 
means including sliding vvill reduce the grain si-^e of metal and also 
deform the grains to produce oriented struct^jre (reference 8(c)). 

Gold-working also affects the affinity of the lubricant mono- 
layer for the metal, either directly by modifj'-ing attractive surface 
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forces or indirectly by preferentially attracting foreign materials 
(reference 12). Worked surfaces are prone to corrode^ however^ 
because internal stresses lower the corrosion resistance and the 
corrosion- fatigue resistance (reference 7^ p. 172). 

Many materials gain in hardness and wear resistance directly 
because of metallurgical phase changes effected by cold work. 
Hadfield manganese steely for instance^ is a comjnon material that 
attains its complement of abrasion-resisting qualities directly by 
cold work. 

Rem.oval of loo se ly hel d surface material. - The advent of 
superfinish has focused attention ~n loose metal ^'fu2?J^ present on 
newly machined surfaces o This metal, normally, is quickly vvorn 
off during operation and finds its way into the lubricants Minute 
particles of loose abrasive are also present in the outer surfaces 
of machined parts that have been finished by conventional abrasive 
means. The exponents of superfinish claim that neither loose fuzz 
nor abrasive is present on super finished surfaces (reference li|(d)). 

Miscellaneous . - J. T. Burwell and H. W, Fox in unpublished 
research conducted at M.I.T. found that for journal bearings the 
timie rate of m.etal removal is about the same as the time rate of 
change of friction torque and time rate of change of lubricant tem- 
perature. It would seem that wear is a good criterion of perform- 
ance characteristics of sliding surfaces. Kence, the running-in 
process was defined in this paper on the basis of slider wear. 

If a bearing is run in at some definite operating temperature 
and if somietime thereafter the operating temperature is increased, 
the bearing passes through another run-in process. The increase 
in temperature is characterized by decreased seiziore load, increased 
friction, and increase at the point of minimum friction in the 



v/here 

r radius, inches 

c diametral clearance, inches 

Z absolute viscosity, centipoises 

N angular velocity, rpm 

p unit pressure, pounds per square inch 



variable 
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After the sliding surface has been run in at the increased terri- 
perature^ the performance characteristics will have approached post 
run-in values because of the lowered oil viscosity that permits the 
surfaces to approach each other and thus to wear off m.ore of the sur- 
face profiles (reference lU(e)). It has been shown alsc that oils 
of light viscosity run in surfaces smoother than heavier oils of the 
same stock. Actual operating viscosity has no effect on the phencm- 
erion. When both oils are heated to the same viscosity^ the heavier 
oil still wears the surface rou^,her (reference li4(f)). 

Running- in increases the load capacity of sliding surfaces, as 
shov/n graohically in figure 7^ from reference l]i(e). It will be 
noted that higher loads may be carried by a run-in surface^ without 
destroying thick film lubrication, than by a virgin Sin^face. Because 
the condition of thin film lubrication connotes higher wear than does 
hydrodynamic lubrication, it is seen that the wear decreases as the 
siarfaces are run in. Figure 7 shows directly that friction torque 
is less for a run-in surface. 

Another means of sh-owing the load-carrying advantages of running- 
in is by the constant-torque friction-load curve for a plain journal 
bearing. (See fig. 8 and reference 2;,,) Because friction torque 
is proportional to the product of the coefficient of friction and the 
normal ].oad, 

T = kfp 

where 

T friction torque 

f friction coeiricient 

p load 

k proportionality const -^.nt 
With torque constant, 

pf = K 

where E is a constant. This expression is the equation of the 
hyperbola shown in figure 8, from reference 23. Because running- in 
lowers t.he. friction and because smooth surfaces have less friction 
than rough surfaces (fig. 9 from reference lU(a)), the shapes of 
the curves in figure 8 are apparent. The curves in figure 8 shew 
also that a greater change in load-carrying capacity is produced by 
r^.irining in the smooth surface than by running in the rough surface for 
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the same period cf time und^^r constant torque. -For the same 
period cf time of running-in^ however^ the rough surface cannot 
achieve the same load capacity as the smooth surface. This dif- 
ference in load capacity indicates that the f-ondamental idea of 
roughening surfaces in order that they may run in miore quickly is 
fallacious. It lA/ould appear that the r^onning-in process is never 
completed^ for a bearing may continue to improve continuously in 
performance during operation. (See figo 10^ frcm^ reference l'4.(e).) 



CHARACTERISTICS OF RUN-IN SURFACES 

ARTIFICIAL PRODUCTION 

To some extent each of the characteristics of run-in surfaces 
may be artificially produced^ that is^ be produced on the piston ring 
without resort to running in the ring in an engine, 

Beilby layer . - It is possible to produce the Beilby layer on 
surfaces such as cylinders ■v\dthout running in the cylinder in an 
actual engine. Rubbing under properly controlled conditions will 
produce it. In order that the surface will not v/ear out before 
the layer is formed^ rubbing loads must not be too high nor sliding 
speeds too great. In order to form the layer at all^ hovrever^ 
rubbing loads m.ust not be too lev/ nor sliding too slow. Pure hydro- 
static pressure will not produce the layer. Shearing stress must 
be present (reference 8(d)). In general^ the Beilby layer cannot 
be formed on metal surfaces that are rubbed by metals of lower melting 
point (reference 7; p. 173). 

Deposition of certain coatings by m.ethods, such as cathodic 
sputtering^ flashing^ electrolysis^ and oxidation, mxay yield amor- 
phous films. 

The effect of adsorption of lubricant and combustion gases in 
the engine may cause the natural layer to differ from the artificial 
(reference 5(e)). For example, bearings run under an oxygen blanket 
shovj increasingly high seiziore loads as the rate cf oxidation increases 
(reference ll4.(e)). Rouge, when used for polishing, has a tendency 
to give off oxygen to metals (reference 8(e)); thus, surfaces polished 
v/ith rouge might conceivably be more seiz"are resistant than those 
polished with inert agents. 

Qiirf a ce pro file. - Means of producing smooth surfaces and sur- 
faces cf low peak roughness number are available by mechanical, 
chemical, .and electrolytic miethods (reference 21, pp. 265-267). Lap- 
ping and superfinishing yield the smooth surfaces. The finish 
may be made smioo ther by prolonging the mxachining operation or by elec- 
tropolishing (reference Jh{d)). Machine polishing removes high peaks 
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by flowing the metal, but the action is usually so drastic that 
much of the flowed metal is worn off during the initial moments of 
operation under service loads. 

When certain additives known as chemical polishing agents are 
placed in lubricating oil^ they react vath the metal sliding sur- 
faces to form com.pounds that have lew wear resistance, low shear 
strength, or low melting points (reference l[|.(g)). ' Because the 
reaction proceeds only with unattacked material, the peaks alone 
will be worn down because they are being constantly abraded and 
exposed to the additives . Certain of these additives, such as tri- 
cresyl phosphate, are temperature selective; that is, the reaction 
decelerates as the local temperature drops (reference lU{g))> 
Temperature-selective additives need never be removed from the lubri- 
cant^ when they have performed their function of flattening surface 
peaks, they become inoperative. Other additives that are not tem- 
perature selective must be removed from, the lubricant after their 
p^urpcse has been fulfilled in order to prevent excessive wear 
during service. li profile consisting of very flat peaks m.ay be 
obtained in this way. When both oiliness agents and chemical 
polishing agents are added to lubricants, the wear resistance of the 
surface after running-in is increased m.anyfold (reference lh{g')> 

Electropolishing (electrolytic brightening) can produce very 
sm.ooth surfaces that are markedly free from asperities. This 
method may be used to remiove scratches from superf inished surfaces 
(reference lUCd)). Whether such sm.ooth surfp.ces are suitable for 
operation as sliders is determined by the abrasive content of the 
lubricant. If the lubricant is relatively free from, abrasives, 
such a surface will retain its smoothness during service (refer- 
ence ll4.(d))5 if not, the s^orface v/ill roughen. 

A surface consisting of plateaus surrounded by deep gorges 
can be produced by a process essentially the same as electropolishing. 
One sucli process has been patented and is used to produce this type 
of surface on chromium plating. As with electropolishing, the 
work surface serves as the anode and current is flov^ed through an 
electrolytic solution. In general, if the electrolyte is such that 
current can more easily ilov; through the m.etal than through the 
electrolyte^ electropolishing will take place and the sui^face will 
becom.e sm.oother (reference 21, p. 265)- Under other conditions, 
hov/ever, certain phases of the material are selected for removal 
(reference lU(h)). In such cases essentially flat plateaus sur- 
rounded by gorges will result* The process is used commercially 
on chromium-plated sliding surfaces. Superposing alternating 
current on the direct electrolytic current results in deposits almost 
free from internal stress. 
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In line v:ith the theory that run-in marks are beneficial for 
sliding surfaces;, seme engine cylinders have b?en machined v/ith bcol 
marks parallel to the axis. Draw polishing (burnishing) was one 
of the first means used to produce the effect. This process, how- 
ever, causes th3 metal to flow in such manner that areas of the 
surfac- metal are weakened and break off easily under sliding^ also, 
peaks may be flowed so that they are bent and cover over the initial 
surface rugosities. When this covering is detached, the original 
surface is exposed. Present-day m.eans of acnieving this type of 
finish arr; by use of honing v;ithout rotation, v/hich is also called 
codirectionai honing or functional finishing. Some authorities 
claim that such finish r -duces initial wear (reference lU(i))c. 

Shspe change, - It is entirely practicable to irachine piston 
rings"t.o a continuously curved convex face shape. Conventional 
m.achining methods such as grinding vrill produce the desired effect 
although 'the sm.all amount of curvature desired indicates tnat pre- 
cision machining may be required for this v/ork. 

The elimdnation of local therjaal distortions may be accomplished 
by designing er^gine parts in such manner that they take correct 
nominal shape when heated to operating temperature. 

New mate rials on surf ace. - If materials that improve the per- 
formanI>e~characteristics of a piston ring form on the piston-ring 
surface owing to chemical reaction, it would seem entirely practi- 
cable to carry through these reactions prior to engine operation. 
Present piston-ring coatings may actually serve the samie purpose as 
the products of these reactions « 

Fistcn-ring coatings are employed in order that rings may pass 
through tne running-in process without permanent marking or wearing- 
out. ^ They may also Icvrer frictional force (reference lU(3))- Such 
coatings serve as buffer layers, which themselves do not wear the 
cylinder p:reatly. As the coatings wear off, the asperities of the 
piston-ring basis m.etal are permitted to come gradually into contact 
Yd.th the cylinder wall in order that wearing-in may occ^ir. The 
coatinf? ought preferably to be oil retentive. 

Occluded graphite may be brought to the surface of cast-iron 
sliders by polishing operations. Colloidal graphite added to the 
lubricant'^ has been recommended to replenish this graohite layer. 
Colloidal graphite is even better in this respect than graphite 
deposited from, suspension (reference 8(a)). 

Change in pr essure pattern of ring . - Inasmuch as the only 
changes in pressure pattern of piston rings found to this date after 
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a running-in process had been completed were those caused by 
incipient or complete failure^ it would appear that present pressure 
patterns should not be altered. 

M'Btallurgical chan geo - Any number of methods may be used to 
cold-work the surface of a slider^ For instance^ the practice of 
sandpapering engine cylinders before running-in yields a cold-v;orked 
layer. It has been shovfn by X-ray diffraction methods that coarse 
abrasive yields a lesser depth of cold work than fine abrasive 
(reference 2l\.) . 

Removal of loosely held surface ma terial, - The most direct 
method of obtaining a surface free from loose metal fuzz would 
appear to be electropolishing. Because super finishing has been 
proved to yield negligible am.ounts of abrasive on a superf inished 
surface^, it can be used as a finish-machining operation where little 
loosely held surface miiterial is desired. 



RECCM/IENDATIOWS 

The following tests are recommended for investigation in order 
to direct future development along lines that v^rould eliminate 
ruTining-in and allow a sliding surface to be put into service at 
the peak of its performance characteristics: 

Tests to determine the effect on wear in service of piston 
rings and cylinders of; 

(A) Fremanufact^ore of surface profiles produced by 

1 : Superf inishing 

2 . Tapping 

3. Grinding 
Electrolytic polishing 

5. Electrolytic roughening 

6. Sliding on lubricant containing 

(a) chemical polishing agents 

(b) chemdcal polishing plus oiliness agents 

(B) Premanuf acture of Beilby layer produced by 

1. Mechanical polishing 

2. Deposition 

(C) Use of rings of convex face shape 

(D) Premanuf acture of running- in marks 
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(E) Colloidal graphite as lubricant for cast-iron sliders 

(F) Design of cylinder shape to produce true norriinal shape 
under temperature conditions approximating those in service 

(G) Cold-worked rubbing s^jir faces 

ADVAI^ITAGES OF ARTIFICIAL RUMING-IN 

Advantages antici'iated as accruing from artificial running-in 
of piston-ring and bearing surfaces befcre service operation are as 
follows: 

1. High loads t^slj imiTiediately be placed on sliding surfaces. 

2. The lubricant is not filled with the large amount of metal 
vforn off during the running-in process. 

5. Time^ labor^ and money expended to run in engine parts are 
saved. 

k. High outputs and high mechanical efficiency may be obtained 
and maintained by reducing friction and wear. 

5. Operating life may be increased by decreasing wear. 

6. Time between overhauls miay be decreased because of greater 
dependability of parts. 

7. Operating safety is increased by minimising failures through 
wear, corrosion, fatigue, and corrosion fatigue. 

8. Design^ service, and maintenance are simplified by assuring 
small rate of change of dimension of sliding surfaces. 

9. Design and power-weight ratio may be bettered by assuring 
maximum efficiency for all operating parts. 
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Fig. 1 




(a) Magnified 614.00:1. 



(b) Magnified 8600:1. 



Flgxare 1* - Oblique photomicrographs of finish ground 
surfaces of steel, made with electron 
microscope. (Plate 2 from reference 2.) 




Figure 2.- Typical percentage bearing-area curve. 
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Figure 3*- Typical profile of low peak roughness number. 
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Plgiire • Typical machined surface finishes (fig* 120/1 from 
reference 11 ) • 



lOOr 




20 40 60 

Surface finish, microin. 



80 



(a) Total metal removed from steel journals 
plotted against their surface roughness. 
(Figure 2 from reference 14(a).) 
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(b) Rate of metal removal from steel journals 
with different surface finishes r\inning 
against babbitt during running-in process. 
(Figure 1 from reference 14(a).) 



Figure 5.- Effect of surface finish on amount and rate 
of metal removed from steel journals. 
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Fig. 6a 




(a) Records taken parallel to sliding. Magnification: 
vertical X2000, horizontal X50. (Pig. k from 
reference 15) 

Figure 6. - Recorda of worn cylinders taken from cars 

after several thousand miles of operation. 
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Fig. 6b 




(b) Same specimens as figure 6 (a) except that records 
were taken orthogonal to direction of sliding. 
Magnification: vertical XlUOO, horizontal X21. 
(Pig. 5 from reference 1^) 



Figure 6* - Records of worn cylinders taken from cars 

after several thousand miles of operation. 
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Fig. 7 




Figure 7.- 
14(e)). 



Variation of coefficient of friction with the variable 
ZN/p as r-onning-in proceeds (figure 11 from reference 
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Fig. 8 
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Figure 8.- Friction-load curve at constant torque (figure 
24 from reference 24) . 
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Fig. 9 




Figure 9.- Variation of Soimierf eld variable with surface 
roughness (figure 4 from reference 14(a)). 
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Fig. 10 




Fig-^are 10.- Variation of coefficient of friction with the 

variable ZN/p ninning-in proceeds (figure 12 
from reference 14(e)). 



